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1
SEMICONDUCTOR DEVICE AND METHOD
OF MANUFACTURING SEMICONDUCTOR
DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to Japanese Patent Appli-
cation No. 2009-134281 filed on Jun. 3, 2009. The entire
disclosure of Japanese Patent Application No. 2009-134281
is hereby incorporated herein by reference.

BACKGROUND

1. Technical Field

The present invention relates to a semiconductor device
and a method of manufacturing the semiconductor device,
and particularly to a semiconductor device having a ridge and
a method of manufacturing the semiconductor device.

2. Related Art

There has been proposed is a compound semiconductor
device in which a stripe-shaped ridge is formed on a surface
of a p-side semiconductor layer of a compound semiconduc-
tor device, and a part of an active layer below the ridge is
designated as an optical waveguide region. In such a com-
pound semiconductor device, generally, a stripe-shaped ridge
is formed on a surface of a compound semiconductor layer
stacked on a substrate, and an electrode is electrically con-
nected on the stripe-shaped ridge.

Typical examples of such a compound semiconductor
include a group I1I-V compound semiconductor, in which, a
compound semiconductor having a desired composition ratio
can be obtained by using one or a plurality of group III
elements or group V elements. Among those, as a semicon-
ductor laser capable of emitting light from ultraviolet region
to visible light region including green region, a semiconduc-
tor laser using a nitride semiconductor such as InAlGaN has
been extensively studied.

For example, in a case where a material such as GaAs is
used, due to its low contact resistivity, its effects on the laser
operating characteristics is hardly expected even if the con-
tact area between the upper surface of the stripe-shaped ridge
and the electrode is changed, and a meaningful increase in
laser operating voltage is unlikely to occur. Whereas, in a case
where a material made of a nitride semiconductor such as
GaN is used, due to its higher contact resistivity compared to
that of GaAs, the contact resistivity between the electrode and
the upper surface of the ridge may be increased according to
a change in the contact area between the upper surface of the
ridge and the electrode, which may results in increase in laser
operating voltage.

In a case where the width of the ridge is increased in order
to prevent increase in the contact resistance between the elec-
trode and the upper surface of the ridge, the resulting laser
beam will be a multimode laser beam. Even in an application
in which a semiconductor device capable of emitting multi-
mode laser beam can be used, the area of the electrode is
increased by increasing the ridge width, so that absorption of
laser beam at the electrode may generate a problem. An
increase in loss due to absorption of laser beam at the elec-
trode as described above may result in decrease in the slope
efficiency.

JP 2004-22989A discloses formation of an upper electrode
layer and a ridge stripe, in which, an upper electrode layer
(10) is formed on a stacked layer structure (100) of a nitride
gallium-based compound semiconductor, and a photoresist
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(40) for stripe is disposed thereon, then, the upper electrode
layer and the ridge stripe is formed by using the photoresist as
a mask.

JP 2004-119772A discloses formation of a ridge 109a, in
which a stacked layer pattern of a SiO, layer 4 and a ZrO,
layer 5, and the ridge 109a is formed by way of dry etching
using the ZrO, layer 5 as a mask. Next, after depositing a
Zr0, film on the entire surface, the stacked layer pattern
described above is used as a mask for liftoff to selectively
leave the ZrO, film 7a at the both sides of the ridge 109a.

JP 2008-98349A discloses formation of a ridge, in which a
stacked layer mask part which is made of three layers and has
a stripe-shaped pattern is disposed and a ridge part is formed
using the stacked layer mask part as a mask. Next, only the
mask part at the second sub-layer of the stacked layer mask
part is etched from the side surface to form a neck part in the
stacked layer mask part, then an insulating film is vapor-
deposited on the entire upper surface of this condition. Next,
the stacked layer mask part is dissolved to liftoff the insulat-
ing layer disposed on the surface of the stacked layer mask
part, and an opening of the insulating layer is defined in the
upper surface of the ridge part.

SUMMARY

JP 2004-22989A features reduction of variation in the
width of the electric current injection region, and JP 2004-
119772A features precise control of the width of a protruded
portion. JP 2008-98349 features controlling variation in driv-
ing current and/or driving voltage of a laser device by pre-
venting an insulating material from depositing on the upper
surface of the ridge.

These methods of manufacturing described above concern
a means of controlling the width of ridge and/or electrode on
the ridge, but do not concern about preventing absorption of
laser beam by the electrode formed on the ridge, and thus,
they are still subjected to the problems described above.

Reduction in slope efficiency occurs when an electrode on
the ridge absorbs the emitted laser beam. Accordingly, a need
arises for a semiconductor device which can control the con-
tact resistance between the nitride semiconductor and the
electrode at the upper surface of the ridge, and which can
prevent light absorption by the electrode on the ridge.

Accordingly, the present invention is conceived in view of
the above-described problems, and an object of the present
invention is to provide a semiconductor device and a method
of manufacturing the semiconductor device, which is capable
of preventing light absorption by an electrode and has
improved reliability, while realizing a simplified method of
manufacturing.

A semiconductor device according to the first aspect of the
present invention includes a semiconductor layer stacked on
a substrate, a stripe-shaped ridge formed on a surface of the
semiconductor layer, and electrode formed on an upper sur-
face of the ridge and a protective film disposed on each side of
the ridge. The electrode includes a flat portion having a flat
surface substantially parallel to the upper surface of the ridge
and sloped portions on both sides of the flat portion with each
of the sloped portions having a sloped surface that is sloped
with respect to the upper surface of the ridge. The protective
film covers a region from a side surface of the ridge to the
sloped surface of the sloped portion of the electrode.

Also, it is preferable that the semiconductor device
described above further includes at least one described below.

(1) An uppermost end of the protective film is positioned
higher than the upper surface of the electrode.
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(2) The uppermost end of the protective film is about 100
nm or more higher than the upper surface of the electrode.

(3) The electrode is bonded with the semiconductor layer
only at the upper surface of the ridge.

(4) A recessed shape is defined at the bonding portion
between the protective film and the electrode.

(5) A recessed shape is defined between the end portion of
the protective film and the upper surface of the electrode.

(6) A pad electrode is provided on the electrode and on the
protective film.

A method of manufacturing a semiconductor device
according to a second aspect of the present invention
includes: forming a ridge on a semiconductor layer stacked on
a substrate by forming a first mask layer having a predeter-
mined shape on the semiconductor layer and removing a part
of the semiconductor layer from an opening of the first mask
layer; forming a second mask layer on a region from at least
a bottom surface region of the ridge to the first mask layer on
an upper surface of the ridge; removing a part of the second
mask layer on the upper surface of the ridge to define an
opening having a diameter smaller than a width of the ridge;
removing the first mask layer on the upper surface of the ridge
to expose the upper surface of the ridge; forming an electrode
on the ridge so as to have a flat portion having a flat surface
substantially parallel to the upper surface of the ridge and
sloped portions on both sides of the flat portion with each of
the sloped portions having a sloped surface that is sloped with
respect to the upper surface of the ridge; removing the second
mask layer; forming a third mask layer on the flat surface of
the flat portion of the electrode; forming a protective film on
aregion from at least the bottom surface region of the ridge to
the third mask layer on the upper surface of the ridge; remov-
ing the third mask layer and a part of the protective film on the
upper surface of the ridge to expose the electrode; and form-
ing a pad electrode at least on an upper surface of the electrode
and the protective film.

Also, it is preferable that the method of manufacturing a
semiconductor device described above further includes at
least one described below.

(1) The removing of the third mask layer and the part of the
protective film includes removing the part of the protective
film so that an uppermost end position of the protective film is
higher than the upper surface of the electrode and so that the
protective film is disposed on each side of the ridge to cover
a region from the side surface of the ridge to the sloped
surface of the sloped portion of the electrode.

(2) The forming of the pad electrode includes forming the
pad electrode on the electrode through a conductive layer.

A semiconductor device according to the present invention
is capable of preventing light absorption by an electrode, so
that a semiconductor device with improved reliability can be
obtained.

Also, according to a manufacturing method of a semicon-
ductor device according to the present invention, etch-back
step can be omitted, so that yield can also be improved.

Also, a wider range of materials can be used for the pro-
tective film and electrodes, so that an expensive material is no
longer needed to be selected.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the attached drawings which form a part
of this original disclosure:

FIG. 1 is a schematic cross sectional view illustrating a
structure of a semiconductor device according to an embodi-
ment of the present invention.
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FIG. 2a is a partial schematic cross sectional view of a
structure of a semiconductor device according to an embodi-
ment of the present invention.

FIG. 2b is a partial schematic cross sectional view of a
structure of a semiconductor device according to an embodi-
ment of the present invention.

FIG. 2¢ is a partial schematic cross sectional view of a
structure of a semiconductor device according to an embodi-
ment of the present invention.

FIG. 2d is a partial schematic cross sectional view of a
structure of a semiconductor device according to an embodi-
ment of the present invention.

FIGS. 3(a) to (d) are schematic cross-sectional views illus-
trating a method of manufacturing a semiconductor device
according to the present invention.

FIGS. 4(e) to 4(g) are schematic cross-sectional step views
following FIGS. 3(a) to 3(d).

FIGS. 5(%) to 5(j) are schematic cross-sectional step views
following FIGS. 4(a) to 3(d).

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Preferred embodiments of the semiconductor device and
the method of manufacturing the semiconductor device
according to the present invention will now be described
below with reference to the accompanying drawings.

A semiconductor device according to the present invention
includes mainly, a substrate, a semiconductor layer, an elec-
trode, and a protective film. Such a semiconductor device
typically has, as shown in FIG. 1, a semiconductor layer 20
made of an n-side semiconductor layer 11, an active layer 12,
and a p-side semiconductor layer 13 stacked in this order on
a substrate 10, and a stripe-shaped ridge 14 is formed on a
surface of the semiconductor layer 20. An electrode 15 is
formed on an upper surface 14¢ of the ridge. The electrode 15
has a flat portion 154 and sloped portions 155 disposed on
both sides of the flat portion 15a. The flat portion 154 has a flat
surface substantially parallel to the upper surface 14¢ of the
ridge, and each of the sloped portions 155 has a sloped surface
that is sloped with respect to the upper surface 14¢ of the
ridge. A protective film 16 is formed on the bottom surface
region 14a of the ridge and a side surface 145 of the ridge, and
the protective film 16 further covers a sloped portion 156 of
the electrode 15. As used herein a “side of the ridge” refers to
a lateral side of the ridge as viewed in a direction in which the
stripe-shaped ridge extends (as seen in FIG. 1), and a “side
surface of the ridge” refers to a lateral side surface of theridge
that extends in the direction in which the stripe-shaped ridge
extends. Also, as used herein, a “bottom surface region of the
ridge” refers to a region including an upper surface of the
semiconductor layer that is disposed on a side of the ridge.

Herein, the cross-sectional shape of the electrode 15
formed on the upper surface 14¢ of the ridge has a flat portion
15a over the center portion of the ridge and a sloped portion
1556 on the both sides of the flat portion, the sloped portion has
athickness decreasing from the ends of'the flat portion toward
respective side surfaces 145 of the ridge. The width of the flat
portion ofthe electrode is 1.8 umto 25.0 um. The length of the
sloped portion 155 is the length from the end of the flat
portion 154 to the end of the upper surface of the ridge along
the surface, and can be appropriately adjusted according to
the width of the ridge and the width of the flat portion 154 of
the upper surface of the ridge, but the length of the sloped
portion is preferably in a range of 0.1 um to 3.0 um. Herein,
the width of the ridge is the width of the upper surface 14¢ of
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the ridge. The sloped portion 15 of the electrode may include
a region with two or more steps and/or a parabolic shape.

The thickness of the electrode 15 is 100 nm to 500 nm. In
this specification, the term “thickness of electrode” means the
height from the upper surface 14¢ of the ridge to the surface of
the flat portion 15a of the electrode. The thickness of the
sloped portion 156 of the electrode is the height from the
upper surface 14¢ of the ridge to the surface of the sloped
portion 155 of the electrode, but the height may vary depend-
ing on the measured position. The width of the electrode at the
upper surface 14¢ of the ridge is approximately the same as
the width of the ridge, but in a case where the width of the
ridge is 7 um or larger, the width of the electrode may be
smaller than the width of the ridge. With this arrangement,
absorption of laser beam by the electrode can be prevented
efficiently. The inclination 6b of'the sloped portion 155 of the
electrode is an angle between the upper surface 14¢ of the
ridge and a sloped portion 156, and can be appropriately
adjusted according to the width of the ridge, the width of the
flat portion of the electrode, and the thickness of the electrode,
which is for example about 10° to about 30°.

An uppermost end of the end portion 164 of the protective
film 16 which is formed on the side surface 145 of the ridge of
the semiconductor device is positioned higher than the upper
portion 14¢ of the ridge, and also covers the sloped portion
155 ofthe electrode 15. Herein, the protective film 16 does not
cover the flat portion 15a of the electrode 15 on the upper
surface of the ridge, so that a contact area between the elec-
trode 15 and the pad electrode 18 can be secured. Also,
depending on the length of the sloped portion 156 of the
electrode, the end portion 16a of the protective film is not
necessarily cover the entire surface of the sloped portion 156
of the electrode, as long as the end portion of the protective
film covers 80% or larger area of the surface of the sloped
portion 1556 of the electrode at least at one side. Absorption of
laser beam by the electrode can be prevented more efficiently
with the uppermost end of the end portion 164 of the protec-
tive film 16 arranged at a higher position than the flat portion
154 of the electrode 15.

In particular, in manufacturing a single mode semiconduc-
tor laser device, even if the width of the electrode formed on
the ridge is adjusted, if the width of the ridge is wide, the laser
beam emitted from the laser device becomes multimode. If
the application of the semiconductor laser device allows
employing beam of multimode type, the laser beam being
multimode may not be a problem, but the width of the elec-
trode increases in proportion to the width of the ridge, the
resulting absorption of laser beam by the electrode will be
more problematic. The above described arrangements of the
present invention allow efficient prevention of absorption of
laser beam at the electrode on the ridge even in such a semi-
conductor laser device of wide-ridge type. To be specific, the
length of the sloped portion 155 of the electrode is increased
as the width of the ridge is increased.

On the other hand, merely reducing the width of the elec-
trode on the ridge may result in increasing in the operating
voltage. With this, a semiconductor laser device of high reli-
ability cannot be obtained. A semiconductor device according
to the present invention with the structure described above
enables to fully utilize the width of the ridge, so that increase
in the operating voltage can be prevented and further, stable
lateral confinement of light can be achieved.

Further, such a semiconductor device includes a pad elec-
trode 18 which covers the electrode 15 on the ridge 14 and the
protective film 16. Moreover, the semiconductor device may
have a second protective film formed on a side surface of the
semiconductor layer 20. Although not shown, the front-side
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end surface and/or the rear-side end surface, each of which is
a cavity end surface of the semiconductor device, is provided
with a protective film made of insulating oxide film or nitride
film, for example. It is sufficient that the protective film 16 and
the second protective film are made of an insulating material,
which further preferably has a low refractive index.

As shownin FIG. 1, an n-electrode 19 is formed on the back
surface of the substrate. Alternately, an n-electrode 19 may be
formed in contact with the n-side semiconductor layer 11 on
the semiconductor layer 20 side of the substrate.

In the semiconductor device according to the present
invention, the region of the semiconductor layer to which the
electrode 15 is connected is only the upper surface 14¢ of the
ridge. Therefore, occurrence of current leakage due to the
electrode being in contact with a side surface of the ridge can
be avoided. The end portion 16a of the protective film 16
covers the sloped portion 155 of the electrode, which enables
to prevent the electrode detaching from the ridge. The pad
electrode 18 is in contact with the bonding interface between
the electrode 15 and the protective film 16. The cross section
of'the bonding interface region between the electrode 15 and
the protective film 16 has a recessed shape with the upper
surface of the electrode 15 forming a bottom of the recessed
shape and the end surfaces of the protective film 16 forming
side surfaces of the recessed shape, therefore adhesion
between the pad electrode 18 and the electrode 15 can be
improved by forming the pad electrode in the recess. The pad
electrode 18 also covers an outer surface of the protective film
16 as well as the recess.

A method of manufacturing a semiconductor device
according to one embodiment of the present invention will be
described below with reference to steps (a) to (j) shown in
FIGS. 3(a) to 3(d), FIGS. 4(e) to 4(g), and FIGS. 5(%) to 5().
In the method of manufacturing a semiconductor device, in
step (a), firstly, a semiconductor layer including an active
layer is formed on a substrate. The semiconductor layer here
is such that an n-side semiconductor layer, an active layer, and
ap-side semiconductor layer are stacked on a substrate in this
order.

The substrate is preferably sapphire, spinel (MgAl,O,),
silicon carbide, silicon, ZnO, GaAs, or a nitride substrate
(GaN, AIN, and the like). The thickness of the substrate may
be for example, about 50 um to 10 mm. The nitride substrate
may be formed by using a vapor-phase epitaxial method such
as MOVPE, MOCVD (Metalorganic Chemical Vapor Depo-
sition), and HVPE (Halide Vapor Phase Epitaxy), a hydro-
thermal synthesis method in which crystal growth is per-
formed in a supercritical fluid, a high-pressure method, a flux
method, a fusion method, or the like. A commercially avail-
able nitride substrate may also be used. Such a substrate is
further preferably, for example, a nitride substrate having an
offset angle of from about 0.03 to 10° in a first principal plane
and/or a second principal plane. It is sufficient that the number
of dislocation per unit area is 1x10”/cm? or less.

The n-side and p-side semiconductor layers among the
n-side semiconductor layer, the active layer, and the p-type
semiconductor layer are, for example, made of a group I1I-V
nitride semiconductor layer such as AIN, GaN, AlGaN, Alln-
GaN, and InN. Among those, a nitride semiconductor layer
containing Al is suitable. Specifically, a gallium nitride based
compound semiconductor layer of In Al,Ga,_, N (O<y, O<z,
y+z=1), particularly, Al Ga, N (0<x<1) or the like is prefer-
able. Each of the semiconductor layers described above has a
single-layer structure or a stacked-layer structure. Alterna-
tively, a structure having a superlattice structure may be
employed.
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The n-side semiconductor layer has a cladding layer, and
further, an optical guide layer or a crack-preventing layer may
be provided between the cladding layer and an active layer
which is to be described later. An under layer or a crack-
preventing layer may be provided between the substrate and
the cladding layer. The p-side semiconductor layer has a
cladding layer and a contact layer, and a cap layer or an optical
guide layer may be provided between the active layer to be
described later and the cladding layer.

The n-side semiconductor layer and the p-side semicon-
ductor layer can be formed by using a similar method as used
in the nitride substrate. The n-side semiconductor layer is
doped with an n-side impurity such as Si or Ge, and the p-side
semiconductor layer is doped with a p-side impurity such as
Mg or Zn to render respective conductivities. The doping
concentration may be, for example, about 1x10'6 to 5x10%°
cm™,

The active layer may have either a multiquantum well
structure or a single quantum well structure. The thickness of
the active layer is suitably, for example, about 10 nm to 500
nm. Particularly, in a case where a quantum well layer struc-
ture is employed, the thickness of the well layer and the
number of the well layers are not specifically limited. For
example, with the thickness in a range from about 1 to 30 nm,
VT, the threshold current density can be reduced. It is prefer-
able that the thickness of the well layer is in a range of 10 nm
or less to reduce the thickness of the active layer. The thick-
ness of the barrier layer is, for example, 100 nm or less, and
preferably in a range of from about 1 nm to 75 nm. Although
the range of the oscillation wavelength of the active layer is
not specifically limited, in a case where a nitride semiconduc-
tor layer is used, it is, for example, 350 nm or more and 650
nm or less.

Next, a mask layer of a predetermined shape is formed on
the semiconductor layer of the wafer where the semiconduc-
tor layers are stacked on the substrate. A method of forming a
mask layer will be described below, but the method of form-
ing a mask layeris not limited thereto. Firstly, a mask layer 21
(one example of a first mask layer) and a resist layer are
formed in this order on the semiconductor layer. The resist
layer is patterned into a predetermined shape, and then using
the resist layer as a mask, the mask layer is patterned into the
same shape as the resist layer. After the mask layer is pat-
terned, the resist layer is removed to obtain the mask layer
having the predetermined shape. Examples of the materials of
the mask layer include SiO,, SuON, SiN, and the like. The
mask layer can be formed using any other known mask mate-
rial. The thickness ofthe mask layer is not specifically limited
and for example, a thickness of about 100 nm to 1000 nm is
suitable, and about 200 nm to 600 nm is preferable. The mask
layer can be formed by using a known method suchas a CVD
method, a sputtering method, and a vapor deposition method.

Next, a ridge is formed on the semiconductor layer. A part
of the p-side semiconductor layer at an upper surface of the
semiconductor layer is removed from the openings of the
mask layer to form a ridge. The method of removing a part of
the p-side semiconductor layer is not specifically limited and
either wet etching or dry etching can be used. Specifically, in
view of the materials of the semiconductor layer, it is prefer-
able that an etchant having a high etching selectivity to the
mask layer is selected to remove the layer. The size of the
ridge is approximately equal to the size of the mask layer, and
the shape of the ridge may be a forward mesa shape having a
width larger at the bottom surface side and becoming smaller
toward the upper surface, a shape having a side surface per-
pendicular to the stacked layer surface, or a combination of
those. The width of the ridge is not specifically limited, but the
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semiconductor devices can be manufactured without impair-
ing manufacturing yields, in a case where the width of the
ridge is 100 pm or less. The width of the ridge is, for example,
suitably about 2.0 um to 30.0 pum, and preferably about 5.0 um
to 20.0 pm. The height of the ridge can be appropriately
adjusted by the thickness of the p-side semiconductor layer.
For example, a height of about 0.1 um to 2 um, further about
0.2 um to 1 um may be employed.

Next, in step (b), a second mask layer 22 is formed at least
in a region from the bottom surface of the ridge to the mask
layer 21 on the upper surface of the ridge. The second mask
layer 22 is formed not only on the bottom region 14a of the
ridge and the side surface 145 of the ridge but also on the
region of the upper surface of the ridge where the mask layer
21 is formed. Herein, the material for the second mask is not
specifically limited, but it is preferable to form aresistlayerin
apredetermined pattern. The thickness of the second mask is
not specifically limited, and for example, about 0.1 pm to 3.0
um may be employed.

Next, in step (c¢), an opening is defined in the second mask
layer 22. Herein, an opening is defined in the second mask
layer 22 by using photolithography, dry etching, wet etching,
orthe like. The opening is defined in the second mask layer 22
on the mask layer 21 in a desired stripe shape. The width of
the opening is appropriately adjusted according to the width
of'the ridge. For example, if the width of the ridge is 100 um
or less, the width of the opening will be 99 um or less. If the
width of the ridge is 30 um or less, the width of the opening
will be 1.0 pm to 29.0 pm.

For the method defining an opening portion in the second
mask, photolithography may be used in view of the material
of the resist pattern and the like, or selecting an appropriate
etchant, either wet etching or dry etching may be used.
Examples of an appropriate etchant include, a single acid
such as nitric acid, hydrofluoric acid, dilute hydrochloric
acid, dilute nitric acid, sulfuric acid, hydrochloric acid, acetic
acid, and hydrogen peroxide, or a mixture of two or more such
acids, a single alkaline solution of ammonia or the like, a
mixed solution of ammonia and hydrogen peroxide or the
like, and various surface active agents. For the method of
removing the second mask remaining unnecessary portions, a
known method such as immersion, ultrasonic treatment, or a
combination thereof may be used. These methods can also be
used for removing other mask layers or a third mask layer.

Next, in step (d), the mask layer 21 is removed from the
opening portion of the second mask layer 22. For the method
of removing the mask layer 21, etching such as wet etching is
preferably used. For the method of removing the mask layer
21, the method used in defining the opening portion in the
second mask layer 22, which is described above, can also be
used. With this, the upper surface 14¢ of the ridge is exposed.

Next in step (e), an electrode material film is formed on the
upper surface 14¢ of the ridge and the second mask layer 22.
Herein, the electrode material film is formed on the upper
surface of the ridge which is exposed after the removing step
(d) and on the second mask layer. A known method can be
used for the method of forming the electrode material film,
but a sputtering method, or a vapor-deposition method is
preferably used. Herein, the flat portion 15a and the sloped
portions 156 can be formed by forming the electrode 15
through the opening portion of the second mask 22. The width
of' the electrode which is in contact with the upper surface of
the ridge is approximately the same as the width of the ridge.
In a case where the width of the ridge is 7.0 um or larger, the
electrode may be formed narrower than the width of the ridge.

A material generally used for an electrode can be used as
the electrode material. For example, a single film or stacked
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layer film of a metal or an alloy, conductive oxide film, or the
like, may be employed. The thickness of those electrode
materials is suitably about 50 nm to 1000 nm, and preferably
about 100 nm to 500 nm. Specific examples include a two-
layer structure of Ni (thickness: about 5 to 20 nm) at the
semiconductor layer side and Au (thickness: about 50 to 300
nm), and Ni—Au—Pt, Ni—Au—Rh, Ni—Au—RhO,,
Ni—Au—Pd, Ni—Au—Ir, Ni—Au—Ru, or the like, includ-
ing the two-layer structure. Examples thereof also include
two layer structures such as Pd—Au, Pd—Pt, and Ni—Pt,
and three layer structures such as Ni—ITO—Pt, Ni—ITO—
Rh, Pd—Pt—Au, Pd—Pt—Rh, Pd—Pt—1Ir, and Rh—Ir—Pt.
Those electrode material films can be formed by using a
known method such as a CVD method, a sputtering method,
and a vapor deposition method. The thickness of the electrode
material film is not specifically limited, and for example,
employing a thickness of about 50 nm or more enables to
reduce the sheet resistance.

Next, in step (f), the second mask layer 22 and the electrode
material 15 thereon are removed to expose the bottom surface
region 14a and the side surface 145 of each side of the ridge.
Herein, removing the second mask layer 22 also removes the
electrode material 15 thereon at the same time. Any one of the
methods described above can be used for removing the sec-
ond mask layer 22, but a liftoff method or a wet etching
method is preferably used.

Next, in step (g), a third mask layer 23 is formed on the flat
portion 15a of the electrode. Herein, a resist layer is formed in
a pattern as the third mask 23. For the method of forming the
third mask layer in a pattern, photolithography is preferably
used. The thickness of the third mask 23 is not specifically
limited, and for example, a thickness of about 0.1 um to 4.0
um may be employed. The third mask layer 23 may cover only
the entire upper surface of the flat portion 15a of the electrode,
may cover the entire upper surface of the flat portion 154 of
the electrode and a part of the sloped portion 156 of the
electrode, or may cover only slightly smaller portion than the
flat portion 154 of the electrode.

Next, in step (h), a protective film 16 is formed to cover the
bottom surface regions 14a of the ridge, the side surfaces of
the ridge 145, the sloped portions of the electrode 155, and the
third mask layer 23. The protective film 16 is formed by using
a known method in the art such as a sputtering method, a
vacuum deposition method, or a vapor-phase growth method.
The thickness of the protective film is, for example, 3000 nm
orless, preferably about 20 nm to 1000 nm, and suitably about
50 nm to 500 nm.

The protective film 16 secures insulation between the
upper surface of the p-side semiconductor layer, which is the
bottom surface region 14a of the ridge, and the side surfaces
of'the ridge, and also secures the difference in refractive index
between the p-side semiconductor layer and the protective
film 16, thus, capable of controlling the leakage of light from
the active layer. Also, the semiconductor device according to
the embodiment has an end portion 164 of the protective film
formed in a latter step, thus absorption of light at the upper
portion of the ridge can be prevented. The material of the
protective film is not specifically limited as long as the mate-
rial has insulation property. Examples thereof include Si, Mg,
Al, Hf, Nb, Zr, Sc, Ta, Ga, Zn, Y, B, Ti, and chemical com-
pounds thereof, such as oxides, nitrides (for example, AIN,
AlGaN, BN and so on) and fluorides. The protective film may
be a single film or a multilayer film of a combination of a
plurality of materials described above. Among those, a film
made of a material having low refractivity and low absorption
property such as SiO, and Al,O; is preferable.
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Next, in step (i), the third mask layer 23 and the protective
film 16 are removed from the upper surface of the ridge. By
removing the protective film which is located over the upper
surface of the ridge, the uppermost end of the end portion 16a
of'the protective film is positioned higher than the ridge. With
this, the upper surface 14¢ of the ridge is exposed. The sloped
portions of the electrode on the ridge are covered with the
protective film. In step (i), the end portion 16a of the protec-
tive film may entirely cover the sloped portions 155 of the
electrode, or may partially cover the sloped portions 155 of
the electrode with a part of the sloped portion 155 being
exposed. Further, it is preferable that if the uppermost end of
the end portion 164 of the protective film is positioned higher
than the upper portion of the electrode, that is, if it is at higher
position than the surface of the flat portion 15« of the elec-
trode, the light absorption by the pad electrode can also be
prevented efficiently. It is further preferable that if the upper
most end of the end portion 16a of the protective film is
positioned 100 nm or more higher than the surface of the flat
portion 15a of the electrode which is the upper surface of the
electrode, the light absorption by the pad electrode can be
prevented more efficiently.

The end portion 164 of the protective film is formed at this
state by removing the mask layer and the protective film
provided above the upper surface of the ridge. Therefore, the
end portion 164 of the protective film is formed on each side
of'the ridge so as to continuously extend in a region from the
side surface 145 of the ridge toward the upper surface of the
ridge. The height of the uppermost end of the end portion 16a
of the protective film can be adjusted by the thickness of the
third mask layer. The height of the uppermost end of the end
portion 16a of the protective film is preferably in a range of
about 50 nm to 1000 nm from the upper surface 14¢ of the
ridge. Also, the height of the uppermost end of the end portion
164 of the protective film is more preferably 100 nm or higher
than the upper surface of the electrode. If the height of the
uppermost end of the end portion 164 of the protective film is
in this range, light absorption at the upper surface of the ridge
can be prevented. Also, a recessed shape is defined in the
bonding region of the protective film and the electrode with
the upper surface of the electrode forming a bottom of the
recessed shape and the end surfaces of the protective film
forming side surfaces of the recessed shape, thus adhesion
between the electrode 15 and the pad electrode 18 can be
improved. Ifthe bonding region with the electrode is arranged
atthe end portion 16a of the protective film, a groove of recess
portion can be easily formed.

Herein, the method of removing the third mask layer 23
and the protective film formed on the third mask layer 23 is
not specifically limited, and a liftoff method can be used, for
example. The conditions of liftoft can be appropriately
selected by, for example, the materials etc. of the mask layer
and protective film. For example, it is suitable to use an
appropriate etchant such as a single acid or a mixture of two
or more acids of nitric acid, hydrofluoric acid, sulfuric acid,
hydrochloric acid, acetic acid, and hydrogen peroxide, or a
single alkaline solution of ammonia or the like, a mixed
solution of ammonia and hydrogen peroxide or the like, and
various surface active agents. Also, a known method such as
immersion, rinsing, ultrasonic treatment, or a combination
thereof may be used.

Further, in any step after step (1), as step (j), a pad electrode
18 is formed on the semiconductor device, on the protective
film 16 and the electrode 15. The pad electrode is preferably
a stacked layer film made of metals such as Ni, Ti, Au, Pt, Pd,
and W. Specific examples thereof include W—Pd—Au or
Ni—Ti—Au, Ni—Pd—Au formed in this order from the
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p-electrode side. The thickness of the pad electrode is not
specifically limited, but it is preferable that the thickness of
Au which is the final layer is about 100 nm or more. The shape
of the pad electrode is not specifically limited.

In a method of manufacturing a semiconductor device
according to the embodiment, it is preferable to polish a
second principal surface of the substrate at any appropriate
stage, for example, before forming the n-side electrode. Any
known method in the art can be used for polishing the sub-
strate.

Further, the n-side electrode is preferably formed on a part
or entire surface of the second principal surface of the sub-
strate, before or after forming the p-side electrode described
above. The n-side electrode can be formed by using, for
example, a sputtering method, a CVD method, an evaporation
method, or the like. A liftoff method is preferably used for
forming the n-side electrode in a pattern, and after forming
the n-side electrode, annealing is preferably carried out at
about300° C. or higher. For the n-side electrode, for example,
it is sufficient that the total thickness is about 1 um or less. The
material of the n-side electrode is not specifically limited, and
for example, V (thickness of 10 nm)-Pt (thickness of 200
nm)-Au (thickness of 300 nm) are stacked in this order from
the substrate side to form the n-side electrode. Other
examples thereof include Ti (15 nm)-Pt (200 nm)-Au (300
nm), Ti (10 nm)-Al (500 nm), Ti (6 nm)-Pt (100 nm)-Au (300
nm), Ti (6 nm)-Mo (50 nm)-Pt (100 nm)-Au (210 nm), or the
like.

A metallization electrode may be formed on the n-side
electrode. The metallization electrode can be made of, for
example, Ti—Pt—Au—(Aw/Sn), Ti—Pt—Au—(Au/Si),
Ti—Pt—Au—(Aw/Ge), Ti—Pt—Au—In, Au—Sn, In,
Au—Si, Au—Ge, and the like. The thickness of the metalli-
zation electrode is not specifically limited. In a case where
ohmic property is maintained only by the metalizing elec-
trode, the n-side electrode can be omitted.

Optionally, for example, a second protective film may be
formed on the protective film 16 after step (i). The second
protective film can be formed by using any known method in
the art, and the materials thereof can be selected from the
same materials as the above described materials of the pro-
tective film.

Next, a cavity end surface is formed on the semiconductor
layer. The cavity end surface can be formed by using any
known method in the art such as etching, cleaving, or the like.
Also, a dielectric film is preferably formed in an appropriate
stage on the obtained cavity end surface, that is, on the light-
reflecting side and/or light emitting side of the cavity end
surface. The dielectric film is preferably a single-layer film or
a multi-layer film made of SiO,, ZrO,, TiO,, Al,0;, Nb,Os,
AIN, AlGaN, or the like. Further, by dividing in the cavity
direction (resonating direction), semiconductor device chips
can be obtained. The dividing can be carried out by forming a
guiding groove in an appropriate stage and scribing, for
example.

According to the method of manufacturing the semicon-
ductor device of the embodiment, a semiconductor device of
high reliability can be formed by simplified steps without
limitation of the material of the protective film and electrodes.
That is, an etch-back step, which is difficult to be controlled in
a typical semiconductor process, can be eliminated, and thus
enables controlling of each steps with high accuracy. There-
fore the manufacturing yield of a semiconductor device can
be improved with simplified steps. Also, according to the
method of manufacturing of the embodiment, mass produc-
tion efficiency of a semiconductor device can be improved.
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Examples of the semiconductor device according to the
present invention will be described below, but the present
invention is not limited thereto. The semiconductor device
herein will be exemplified with a semiconductor laser device.

Example 1

A semiconductor laser device of the present example
includes, as shown in FIG. 1, a semiconductor layer of an
n-side semiconductor layer 11, an active layer 12, and a p-side
semiconductor layer 13 stacked in this order is formed on a
GaN substrate 10 having a C-plane as a growth surface, and a
ridge 14 is formed on the surface of the p-side semiconductor
layer 13. A p-side electrode 15 is ohmically connected to the
upper surface of the ridge 14. The electrode 15 has a flat
portion 15a and sloped portions 155. Each sloped portion 1556
of the electrode is covered with the end portion 16a of the
protective film and a pad electrode is electrically connected to
the flat portion 15a of the electrode 15.

Further, although not shown, a dielectric film made of
Al, O, is formed on the cavity end surface of the semiconduc-
tor layer. Also, a p-side pad electrode 18 is formed to cover the
electrode 15 and the protective film 16.

Such a semiconductor laser device can be formed accord-
ing to a method of manufacturing described below.

Formation of Ridge

Firstly, a GaN substrate 10 is prepared. Next, on the sub-
strate 10, a semiconductor layer 20 of an n-side semiconduc-
tor layer 11, an active layer 12, and a p-side semiconductor
layer 13 stacked in this order is formed. Then, a mask layer 21
of SiO, film is formed with a thickness of 500 nm on the
approximately entire surface of the p-side semiconductor
layer 13 by using a CVD apparatus. Thereafter, a pattern with
a width of 15.0 um is formed in the mask layer by way of
etching using an RIE (Reactive lon Etching) apparatus. In this
stage, the width of the mask layer is adjusted to the width of
the ridge which will be described later.

Next, as shown in FIG. 3(a), a ridge is formed on the
surface of the stacked semiconductor layer 20. Specifically,
the ridge 14 is formed on the surface of the p-side semicon-
ductor layer 13 which is an upper layer of the semiconductor
layer 20. Here, using an RIE apparatus, etching is carried out
on the p-side semiconductor layer 13 which is exposed at the
opening of the mask layer 21 to form a stripe-shaped ridge 14
of'about 15.0 um in width and about 0.8 pm in height.

Thereafter, as shown in FIG. 3(), a second mask layer 22
is formed to cover from the bottom surface region 14a of the
ridge to the upper surface of the mask layer 21. The second
mask layer is formed with a resist layer with a thickness of 1.2
pm.
Next, as shown in FIG. 3 (¢), an opening is defined in the
second mask layer 22. The opening is formed by performing
etching on the second mask layer 22 using an RIE apparatus.
The etching is performed on the second mask layer 22 over
the mask layer 21 with the width of 13.0 um in the stripe
direction of the ridge. The surface of the mask layer is
exposed by this etching.

Next, as shown in FIG. 3(d), the mask layer 21 exposed in
the previous step is removed by wet etching. With this, the
upper surface 14¢ of the ridge is exposed.

Formation of Electrode

Next, as shown in FIG. 4 (e), an electrode 15 is formed on
the ridge 14 and the second mask layer 22. The electrode 15
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is formed on the ridge through the opening of the second mask
layer. Therefore, a flat portion 154 is formed on the center
portion of the ridge and a sloped portion 155 is formed on
each of the both sides of the center portion of the ridge. The
electrode may be formed with the material of Ni—Au—Pt in
this order from the upper surface 14¢ of the ridge. Here, the
width of the flat portion 154 of the electrode 151s 13.0 um and
the width of the sloped portion 156 formed each of the both
sides of the flat portion is 1.0 um. Here, the thickness of the
electrode is the thickness of the flat portion 154, and a total
thickness is 210 nm with Ni (10 nm)-Au (100 nm)-Pt (100
nm) formed in this order.

Next, as shown in FIG. 4 (f), removing the second mask
layer 22 also removes the electrode formed on the second
mask layer 22. The removal of the second mask layer is
carried out employing a lift-oft method in which a release
solution is used. Through this method, the electrode on the
second mask layer is also removed together with the second
mask layer. The electrode 15 is in contact with the semicon-
ductor layer only on the upper surface 14¢ of the ridge, so that
current leakage does not occur.

Next, as shown in FIG. 4 (g), a third mask layer 23 is
formed on the flat portion 15« of the electrode formed on the
ridge 14. A resist layer id used as the third mask layer 23. The
width of the third mask layer 23 is about 13.0 pm and the
thickness of the third mask layer is about 2.5 um.

Formation of Protective Film

Thereafter, as shown in FIG. 5 (%), a protective film 16 is
formed to cover the bottom surface regions 14a of the ridge,
the side surfaces 145 of the ridge, the sloped portions 155 of
the electrode, and the upper surface of the third mask layer 23.
The protective film 16 is a SiO, film with a thickness of 200
nm formed by using a sputtering apparatus.

Next, the third mask layer 23 formed on the electrode and
the protective film 16 formed on the third mask layer 23 are
removed. A lift-off method is used to remove the third mask
layer. This exposes the flat portion 15a of the electrode. Also,
an uppermost end of an end portion 164 of the protective film
which is extended to a position higher than the upper surface
of the ridge is formed in the protective film 16 which covers
each side surface of the ridge. In this example, the height ofan
uppermost end of each end portion 164 of the protective film
is 500 nm from the upper surface 14¢ of the ridge. With the
uppermost end of the end portions 16a of the protective film
being higher than the upper surface of the ridge with this
amount, absorption of laser beam by the electrodes around the
upper surface of the ridge and the side surfaces of the ridge
can be prevented. Although only the flat portion 15a of the
electrode is exposed in FIG. 5 (i), a part of the sloped portion
155 of the electrode may also be exposed. Also, the end
portion 164 of the protective film may cover a part of the flat
portion 15a of the electrode.

Next, a second protective film is formed on the bottom
surface region 14a of the ridge, in a region spaced apart by
about 35 um from a side surface 145 of the ridge. The second
protective film further covers the side surfaces of the semi-
conductor layer. The second protective film is not shown in
the figure. Thereafter, as shown in FIG. 5 (j), a p-side pad
electrode 18 is formed on the electrode 15 and the protective
film 16. Also, an n-side electrode 19 is formed on the back
surface of the substrate 10. On the cavity end surface at the
front side of the semiconductor layer, a dielectric film made of
Al O, is formed. On the cavity end surface at the back side of
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the semiconductor layer, a dielectric multilayer film made of
Zr0, and SiO, is formed. In this manner, a semiconductor
device can be formed.

As described above, in Example 1, the electrode is con-
nected only at the upper surface of the ridge, so that leakage
of current due to the electrode comes in contact with a side
surface of the ridge can be prevented. Also, a sloped portion is
provided on the electrode and a protective film made of SiO,
which is a material having a low refractivity is applied on the
sloped portion. Thus, absorption of light by the electrode can
be prevented and the extraction efficiency of laser beam can
be improved. Further, with the manufacturing steps as
described above, an etch-back step is no longer necessary,
which facilitates manufacturing of the semiconductor devices
with stable properties.

Example 2

The semiconductor laser device of the present example is
formed such that the third mask layer 23 is formed to cover the
flat portion and a part of the sloped portion of the electrode in
the manufacturing steps described in Example 1. Specifically,
the width of the third mask layer 23 is about 14.0 um and the
thickness of the third mask layer is about 2.5 pm. Except as
described above, the semiconductor laser device is manufac-
tured in substantially the same manner as the semiconductor
laser device of Example 1. Accordingly, as shown in FIG. 25,
a region covered by the tip end portion 16a of the protective
film and a region connected to the p-side pad electrode are
formed on each sloped portion of the electrode. Substantially
the same effects as in Example 1 can also be obtained in this
example.

Example 3

The semiconductor laser device of the present example is
formed such that the third mask layer 23 is formed to cover
only the flat portion of the electrode in the manufacturing
steps described in Example 1. The width of the third mask
layer 23 is about 12.0 pm and the thickness of the third mask
layer is about 2.5 um. Except as described above, the semi-
conductor laser device is manufactured in substantially the
same manner as the semiconductor laser device of Example 1.
Accordingly, as shown in FIG. 2¢, the tip end 164 of the
protective film covers the sloped portions 156 of the electrode
and a part of the flat portion 15a of the electrode. Effects
substantially the same as that in Example 1 can also be
obtained in this example.

Example 4

The semiconductor laser device of the present example is
formed as described in Example 1 except that the electrode on
the upper surface 14¢ of the ridge is formed so as not to
entirely cover the upper surface 14¢ of the ridge and to expose
apart of upper surface. Specifically, the width of the opening
of'the second mask layer 22 is 10.0 um. With a width of about
12.0 pm, the third mask layer 23 is formed to cover only the
flat portion of the electrode. Except as described above, the
semiconductor laser device is manufactured in substantially
the same manner as the semiconductor laser device of
Example 1. Thus, as shown in FIG. 2d, the end portion of the
upper surface 14¢ of the ridge is covered with the protective
film and further, the end portion 16a of the protective film
covers the sloped portions 156 of the electrode. Effects sub-
stantially the same as that in Example 1 can also be obtained
in this example.
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The semiconductor devices according to the present inven-
tion can be used in light emitting elements such as semicon-
ductor lasers and light emitting diodes. Examples of the appli-
cations include, a light source for lighting, displays, optical
disk applications, optical communication systems, printers,
optical exposure applications, various devices for measure-
ment, excitation light source for bio-specific applications

It is to be understood that although the present invention
has been described with regard to preferred embodiments
thereof, various other embodiments and variants may occur to
those skilled in the art, which are within the scope and spirit
of'the invention, and such other embodiments and variants are
intended to be covered by the following claims.

What is claimed is:

1. A semiconductor device comprising:

a semiconductor layer stacked on a substrate, the semicon-

ductor layer including an optical waveguide region;

a stripe-shaped ridge formed on a surface of the semicon-
ductor layer;

a first electrode formed on an upper surface of the ridge,
and including a flat portion having a flat surface substan-
tially parallel to the upper surface of the ridge and sloped
portions on both sides of the flat portion with each of the
sloped portions having a sloped surface that is sloped
with respect to the upper surface of the ridge;

aprotective film covering each side surface of the ridge and
the sloped surface portions of the first electrode; and

a second electrode electrically connected to the first elec-
trode, and formed over the first electrode and the pro-
tective film so that an upper surface of a part of the
second electrode is positioned lower than the upper sur-
face of the ridge, wherein

an inclination angle of the sloped surface of the first elec-
trode is smaller than an inclination angle of a side sur-
face of the ridge.

2. The semiconductor device according to claim 1, wherein

an uppermost end of the protective film is positioned higher
than an upper surface of the first electrode.

3. The semiconductor device according to claim 1, wherein

an uppermost end of the protective film is positioned 100
nm or more higher than an upper surface of the first
electrode.

4. The semiconductor device according to claim 1, wherein

the first electrode is bonded with the semiconductor layer
only at the upper surface of the ridge.

5. The semiconductor device according to claim 1, wherein

the protective film and the first electrode define a recessed
shape in a bonding region between the protective film
and the first electrode.

6. The semiconductor device according to claim 1, wherein

an end portion of the protective film on each side of the
ridge and the upper surface of the first electrode define a
recessed shape.

7. The semiconductor device according to claim 1, wherein

the flat portion and the sloped portions of the first electrode
are disposed above an upper surface of the ridge.
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8. The semiconductor device according to claim 1, wherein

a width of the flat surface of the flat portion of the first

electrode is smaller than a width of a bottom surface of

the first electrode facing the upper surface of the ridge.

5 9. The semiconductor device according to claim 1, wherein

the upper surface of the part of the second electrode is

positioned lower than a bottom surface of the first elec-
trode.

10. The semiconductor device according to claim 1,

wherein

a part of the protective film, which covers the side surface
of the ridge and an upper surface of the semiconductor
layer adjacent to the ridge, has an L-shape cross sec-
tional shape.

11. The semiconductor device according to claim 1,

wherein

the second electrode is arranged over the side surface of the
ridge via the protective film.

12. The semiconductor device according to claim 1,

wherein

The protective film does not cover an upper surface of the
first electrode.

13. A semiconductor device comprising:

a semiconductor layer stacked on a substrate, the semicon-
ductor layer including an optical waveguide region;

a stripe-shaped ridge formed on a surface of the semicon-
ductor layer;

a first electrode formed on an upper surface of the ridge,
and including a flat portion having a flat surface substan-
tially parallel to the upper surface of the ridge and sloped
portions on both sides of the flat portion with each of the
sloped portions having a sloped surface that is sloped
with respect to the upper surface of the ridge;

a protective film covering each side surface of the ridge and
the sloped surface portions of the first electrode; and

a second electrode electrically connected to the first elec-
trode, and formed over the first electrode and the pro-
tective film so that an upper surface of a part of the
second electrode is positioned lower than the upper sur-
face of the ridge, wherein

each of the sloped portions of the first electrode has a height
as measured from a top surface of the ridge decreasing
from an end of the flat portion toward the side surface of
the ridge.

14. The semiconductor device according to claim 13,

wherein

an inclination angle of the sloped surface of the first elec-
trode is different from an inclination angle of a side
surface of the ridge.

15. The semiconductor device according to claim 14,

wherein

the inclination angle of the sloped surface of the first elec-
trode is smaller than the inclination angle of the side
surface of the ridge.
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